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TECHNICAL NOTE 41k6

CONTRIBUTION OF THE WING PANELS TO THE FORCES
AND MOMENTS OF SUPERSONIC WING-BODY
COMBINATIONS AT COMBINED ANGLES

By J. Richard Spahr

SUMMARY

A wind~-tunnel investligation was conducted at a Mach number of 1.96
and at Reynolds numbers (based on the mean aerodynsmic chord of the
exposed wing) of 0.36 and 1.03 million to determine the normal forces,
pitching moments, and rolling moments contributed by each wing panel of
a cruciform-wing and body combination over a wide range of combined
angles of pitch and roll. The wings were triangular of aspect ratio 2,
and the body was an ogive-cylinder combinastion. The effects of forebody
length and roughness and of the presence of the adjacent panels on these
panel contributions were determined.

The results of the investigation show that large changes in the panel
forces and moments can occur as the result of combined sngles. A general
theoretical method based on slender-body and strip theorles was found to
yield results in good agreement with the wind-tunnel measurements. These
comparisons indicate that the changes in the panel characteristics due to
combined angles are caused primarily by a cross coupling between the side-
wash velocities due to angle of attack and sidesliip and by the presence
of forebody vortlices due to crossflow separation. It was found that an
increase in forebody length increases the effect of the forebody vortlces )
because of the dependence of the strength of these vortices on the forebody

length.

An application of these panel results to wlng-body combinations shows
that the effects of combined angles have only a small influence on the
forces and moments of a cruciform-wing and body combination. However,
for a planar-wing and body combination these effects cause a loss Iin the
normal force, & negative pitching-moment Increment, and an increase in
the magnitude of the rolling moment when the sideslip angle is increased.
The results for a tail-body combination indlicate that the effects of com-
bined angles of attack and sideslip have ornly a small influence on the
longitudinal or directional stability contribution of either a "+" or
By g1l arrangement, but these effects cause a serious loss with increas-
ing angle of attack in the directional stability of a conventional tail
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arrangement having an upper vertical fin. If this £in ls replaced by a

lower (ventrasl) fin, en increase in the directional stability with angle

of attack occurs. The results also show that either & "V" or an 4
"inverted V" tall arrangement provides a contribution to the directional
stablility of a taill-body combination which is nearly independent of angle

of attack, but such tails exhibit undesirsble longltudinal trim changes

with sideslip. -

INTRODUCTION -

With the trend toward higher Mach numbers and altitudes, asirplanes
and missiles are required to operate over wlider ranges of angles of
attack and sideslip. A number of static-stability problems are encoumn-~
tered under these conditions for whilch present aerodynamic theory is,
inadequate. Among the more important of these problems are:

(a) Deterioration in directional stebility with increasing
angle of attack.

(b) Nonlinear varletion of yewing moment with angle of side-
slip at large angles of attack.

(¢) Change in pitching moment due to sldeslip at large angles A
of attack. -
(&) Variation of dihedral effect (rolling moment due to side- 'y

slip) with angle of attack or induced rolling moments at
combined engles of pitch and roll.

(e) Panel~panel interference for multipanel wing or tail
arrangements.

These problems stem largely from the contributions of the individual wing
and taill panels to the forces and moments on complete combinations. How-
ever, no systematlc experimental results or general theoretical methods
are available to provide en adequate understanding of the aerodynamic
characteristics of wlng or tall panels in the presence of a body at
combined angles of attack and sldeslip. .

The purpose of the present investigation, therefore, was to investi-
gate the contributions of each wing panel to the normal forces, pitching
moments, and rolling moments of various wing-body combinations through a
wide range of combined angles of pitch and roll end to develop a general
calculative method for predicting these panel characteristics. The P
effects of forebody length and roughness, Reynolds number, and panel-
panel interference were investigated. The panel results are applied to
& comparison of the contribution of the wing or tall surfaces in verious 2
arrangements to the eerodynamic forces and moments of several wing-body
and taill-body combilnations.
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NOTATION

body radius

maximum span of wing-body combination

rolling-moment coefficient, rolling moment about X axis
(See fig. 1.) asSt

pltching-moment coefficient, pitching moment_ about ¥ exis
(See figs. 1 and 2(a).) gs¢

pltching moment gbout Yy axis
pltching-moment coefficient, —

(See figs. 1 and 2(a).) ' gS¢e

no 1-force coefficlent, force in the Z direction
(See Tig. 1.) as

force 1In the Zi direction

normal-force coefficient,
(See fig. 1.) as

dCy

da

yawlng-moment coefflcient, Joring moment sbout Z exis
(See £ig. 1(b).) qse

side-force coefficient, force in the ¥ direction
(See fig. 1L(b).) as

dCy

as

local chord of panel

mean aerodynamic chord of exposed panel,
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Sm
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panel chord at body center line
panel chord at wing-body Jjuncture
panel chord at tip -~ : - : o

elliptic integral of the second kind

" incomplete elliptic integral of the first kind

complete elliptic integral of the first kind

ratio of: 1ift on a wing in the présence of a body to 1ift on
the wing alone : - -

factor representing the coupling between the sidewash
velocities due to o and B

reference length (sm for single-panel results and b for
multipanel results)

difference in static pressure between lower and upper surface
of panel
l.=2

free-stream dynamic pressure, EpV

Reynolds number based on €

reference ares (exposed plan-form aree of one panel for
single-panel results and area of two panels for multi-
penel results)

maximm semispan of wing-body combination, g

free-stream velocity "*
fluid veloclty component in Z direction

Cartesian coordinates fixed in the body
(See fig. 1(a).)

Cartesian coordinates obtailned by roteting the X,y,z system
through sn angle ¢ about the X axis
(See fig. 1(a).)

distance along X axis from the leading edge of the panel
root chord (at body Jjuncture) to the center of pressure
of the loading on the panel
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Yep distance along Y axis from the origin to the center of
pressure of the loading on the panel

Vs 2y coordinates in the ¥Y-Z plane of the location of a vortex
o angle of sttack (See fig. 1(b).)
B angle of sideslip (See fig. 1(b).)
r clreulation
€ semiapex angle of wing plan form
8 angle of pltch (See fig. 1(a).)
A sweepback angle of psnel leading edge

St
A taper ratio of panel, =

o]
o) free-gtream fluid mass density
P angle of roll (See fig. L(a).)

Subscripts

1 right-hand horizontal panel (viewed from the rear)
2 lower vertical panel
3 left-hand horizontal panel (viewed from the rear)
4 upper vertical panel
W wing alone
od guantity due to angle of attack or sideslip
0] quantity due to effects of combined angles of atiack and

sldeslip or quantiity at an angle of roll
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Configuratlion Deslgnations

Bg short forebody (See fig. 2(a).)
By, long forebody (See fig. 2(a).)
Wl’wz

}- wing panels (See fig. 1.)
W3, Wy

The configuration is identified first by the wing panel(s) for which
results are presented, followed in parentheses by the remeining components
Present. Thus, for example WiWé(BLW;) signifies force and moment dsta

for wing panels W; and Wo in the presence of By Ve

APPARATUS

Wind Tunnel __

The Ames 1~ by 3-foot supersonic wind tunnel No. 1, in which the
investigation was conducted, is a closed-clrcult continuocus-operation
wind tunnel having independently variable Mach number and Reynolds num-
ber. The Mach number is varied by adjustlng the flexible plates which
comprise the upper and lower walls of the nozzle, and the Reynolds number
is varied by changing the stagnabtion pressure in the wind tunnel. The
Mach number raenge of the wind tumnel at the time of the present tests
was 1.2 to 2.5 but since that time the upper limit has been increased
to 4.0. : — _ :

Model and Support

The model conslsted of a cruciform wing in combination with a
cylindrical body of revolution having an ogival nose as shown in fig-
ure 2. The model was provided with two alternate forebodies (portion
forward of the wing) having identical nose sections but of different
length. Geometric characteristics of the configuration are listed in
table I. Wing panel W; was supported by a two-component strain-gage
balance mounted inside the body for measuring the normal force and
pitching moment acting on the panel. An additional strain gage was
mounted on the surface of the wing panel Jjust inside the hody for measur-
ing the rolling moment acting on the panel. A small gap (approximately
0.003 inch) between the wing root and the body prevented the transfer of
any portion of the wing panel load to the body without first passing
through the strain-gage system. The other three panels were attached
dlrectly to the body. ; :
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The body was mounted on an unshrouded sting as shown in figure 2(Db)
which was connected to a remotely controlled motorized mechanism which
enabled the model to be rotated gbout its axis to any roll angle. This
mechanism was mounted onh a support having its center of rotation coinci-
dent with the transverse center line of the wind-tunnel test section to
provide an sngle-of-pitch range of +18°. In order to increase this range
in the positive direction, the model and roll mechanism were set at a
pltch angle of 15° relative to the pitch support, thereby changing the
angle-of-pitch range to -3° %o 33°.

TESTS AND PROCEDURE

Test Conditions

Tests were conducted at a Mach number of 1.96 through a nominal
angle-of-pitch range of -3° to 33° for several constant angles of roll
from -90° to 90° and at Reynolds numbers of 0.36 and 1.03x10%, based on
the wing-panel mean serodynamic chord. Forces and moments on panel W
were measured for each of the configurations listed in the following
table. : .

Long forebody, Br, Short forebody, Bg
Configuration
R = 0.36X10° |R = 1.03%10°% |R = 0.36x10% [ R = 1.03%x10°%
W, (B) X X X X
Wy (BWz) X X X
Wy (BW3) X X
Wy (BW,) X X X
W1 (BWoWs) X X
Wy (BWoW,) X X X
Wy (BWaW,) X X
Wy (BWoWaW,4) X X
Wo(B) with
roughness X X X

The roughness denoted for the final configuration conslsted of a wmiform
layer of salt crystals on all but the most rearward portion (3/4 in.) of
the forebody. ’

Precision of Data

The uncertainties in the panel force and moment data and in the
independent quantities have been calculated from the precision of the
contributing measurements. Representative values of these estimated
mncertaintlies are listed in the following table.
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Uncertainty
8 =0%l6 =25°
Cx +0.002 | £0.007
Cn +0.001 | £0.004

Quentity

o +0.001 | £0.003
8 +0,05°

P +0, 40o°

M +0.015

R +0.006x1.08

As a check of the precision, approximetely one-fifth of the tests
were rerun. The repeatability of the data from these rums was in essen-
tial agreenent with the estimsted uncertaintles glven in the preceding
table.

An estimate was made of the effects on the data of the nonuniformitles
in the wind-tuunel stream. These effects were within the preclsion of the
resultes and thus no corrections were made.

THEORETICAL METEOD

Existing theoretical methods, such as the one given in reference 1,
for the calculatlon of the forces and moments on & lifting surface in the
presence of a body are restricted to low or moderate engles of attack and
to zero sideslip. The purpose of the present theoretical study is to
develop a general calculetive method for the prediction of these panel
characteristics over a wide range of combined angles of attack and side-
slip. The fundamental basis of this method is the assumption that the
loading on a wing or tall panel in the presence of a body at an arblitrary
angle of attack and sideslip is equal to the sum of the loading due to
potential flow (no separation) and thet due to viscous separation effects
of the forebody crossflow. The development of a general method for the
caelculation of these two components of the panel loads is discussed in
the succeeding paragraphs.

Potential Flow -

The theory of reference 2 for slender wing-body combinations was
employed in reference 1 to develop expressions for calculating the normsl
force and pitching moment orn the wing penels of nomslender as well as
slender wing-body combinations having cylindrical bodies at angle of
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gttack and zero sideslip. These expressions are extended in Appendix A
of the present report to epply to the general case of combined angles of
attack and sideslip by integrating the equations (derived in ref. 3) for
the load distributlon on slender wing panels in the presence of a body

at combined angles. In addition, expressions are derived for the rolling
moment contributed by the wing panels. Equatlions are presented in Appen-
dlx A for the normal force or side force, pitching or yawing moment, and
rolling moment on each wing panel of a planar or cruciform wing-body com~
bination. Typlcal of these equations are those for the right horizontal
penel (W, in fig. 1):

Ko
N = CN“:W(B=0) K + tan € CbB) (1)
. o Xo_ G‘_cg) ]
O = O oy (22, =+ s (CR) 0 (2)
C, = -C [Kw(@ S (ycp) aB] (3)
[ Noc,w(B:o) Sm /4, T %am € \Pm ® (3

or in terms of angles of pitch & and roll o

Cy = CNe,w(cp=o)<KWe cos @ + tazq)e 6%sin @ cos cp) (1)

K
Cp = -CNG W(WO)[KWC_E_PZ,G cos @ + 'ba.nq)e (X—;E> 6%s1in @ cos cp] (5)
2 . cp

K
- - Yep P cp 2
C; = CNe,w( )I:KW(TIH)OLG cos @ + e 1 —>cpe sin @ cos cp] (6)

since

CN@5W(B=0) - CNG’W((P'—'O)
= 0 cos @

a
il

™
1l

& sin o
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The first term in each of these eguatlons represents the force or moment
due to angle of attack, and the second term represents the additional
force or moment due to combined angles resulting from a cross coupling of
the sidewash velocities assoclated with angle of ettack and with angle of
sideslip. The factors Ky, Ko, (ycp)m’ and (y’cp)cp depend only on the

ratio of the body radlus to the panel semispan a/sm, and values of these
quantities can be obtained from the curves of figure 3.  The quantities
(xcp)m and (XCP)W’ however, depend upon the plan-form shape, and the curves

glven in figure 3 for these gquantitlies have been computed for triangular
plen forms. The effects of panel~panel interference on the panel charac-~
teristics in roll are shown in figure 3(b) by & comparison of the planar
and cruciform configurations. The differences between these two cases are
caused by the presence of the vertical panels. Since the panel loading
represented by K¢ is the result of a cross coupling between the sidewash
veloclties due to angle of attack and sideslip, the vertical panels inhibit
this coupling, causing a reduction in K¢. This interference becomes
smaller as a/sm increases because the vertical panels effectively move
away from the region of Influence of the flow field over the horizontal

panels.

In all the formulss for the forces and moments on the wing panels
(egs. (A7) to (A18)) the normal-force or side-force curve slope CNy, w(p=o0)
,w(p=

or CYB w(a=0) of the wing alone is a factor. This implies that the normal-
s =
force coefficient of the wing CNW is a linear function of its angle of

attack. It is known from experiment, however, that this linearity is
limited %o small or moderate angles. Thus, in the practical application
of the equations beyond the linear range, more realistic values of CNw

should be used for the product CNd & 88 given by experiment, empirical
>

relationships, or nonlinear theory. The experimental wing results used

in these equations for the present investligation are presented in table II.
These velues of normal force were measured on one wing panel mounted on a
boundary-layer plate which served both as 8 flow reflection plane and as

a means of placing the wing in a region free of the twnel-wall boundary
layer.

Effects of Forebody Vortices

At moderate and large angles of inclinatlon the flow over a body is
characterized by a pair of symmetrically disposed vortices on the leeward
side caused by crossflow separation. When thesge vortices pass in the
vicinity of a lifting surface, such as a wing panel, the loading on the
surface is changed by virtue of the induced flow field created by the
vortlces, and thus the panel forces and moments sre changed. The evalua-
tlon' of these effects requires knowledge of the strength and positions of
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the vortices dlscharged from the body. In reference L it was demonstrabted
that the strength and paths of these vortices can be calculated satlsfac-
torily by means of a stepwise procedure based on incompressible vortex
theory, provided the most forward positions at which the vortices are dis-
charged from the body are known. Thus, the experimental determination of
the vortex origin is required before the properties of the body vortices
can be calculated. TFor the calculations of the present report, the results
of reference L4 for the strength and.positions of the vortices were used,
since identical bodies at the same Mach number were employed in both
investigations.

The calculation of the effects of the body vorbtices on the wing-panel
loading is made most simply by strip theory. Tt 1s assumed that the
strength and path of each vortex remain unchanged by the sddition of the
wing panel to the body. Thus, the panel forces and moments due to each
vortex are proportional to the integral over the panel surface of the
product of the local chord and the local downwash Induced by a two-
dimensional incompressible vortex. The total forces and moments caused
by the body vortex system are given by the sum of the contribubtions of
the two external vortlices and their images. General snalytical expres-
sions are derived in Appendix B for the normal force, pitching moment,
and rolling moment on a wing penel due to any number of vortices of known
strength and poslition. The only restrictions on the wing-body comblna-
tion are that the wing plan form have straight edges, the body be a cir-
cular cylinder, end the wing panels lie in & meridian plane of the body.

RESULTS AND DISCUSSION

Individual Panels

The basic experimental results are presented in figure 4 in which the
variation in the normal-force, pitching-moment, and rolling-moment coeffi-
clents of panel W; are plotted as functlons of the pltch angle 6 for *
angles of roll ¢ from -90° to 90°. Results are shown for the character-
istics of this panel in the presence of the body slone and with all possi-
ble combinations of the other three panels, as identified by the sketches
on each part of the figure. On the left-hand side of each page are shown
the results for the long forebody By, and on the right-hand side, the

results for the short forebody Bg. Although the results of figure L

apply only to panel W;, the characteristics of the other panels can be
obtained from these results by means of the following relationships, which
are derived from symmetry conslderations:
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(CN2)CP = (CN1)900-¢

(Cwgdg = (Cy) . (7)

(Cyy)g = (CNy)g-g00

(Cmg)(p = (le)9oo

(Cug)g = (Om)_ (8)

(c'm.;__)(p = (le) q)_goo

(C'[,E)cp = ’(011)900_¢

(0109 = ~(C1) g (9)

(014)¢ = (011)¢-9O°

Flgure 4 shows that all of the panel characteristics become less _
symmetrical with roll angle as the angle of pitch 1s increased. It is
seen that at increasing positive roll angles, where the panel is on the
windward side of the body, the variations with angle of pitch become more
nearly linear. At negative roll angles, however, where the panel is on
the leeward side of the body, large losses in the forces and moments occur
at high sngles of pitch, and these losses reach & meximum at a roll angle
of -67.5°. It is noted that as the angle of pitch is increased the maxi-
mum normel force and rolling moment ocecur not at & roll angle of zero but
at an lncreasing positive roll angle.

The influence of roll angle on the panel characteristics at high
angles of pitch, as indicated in figure 4k, is the result of two dlffer-
ent effects., First, a cross coupling occurs between the sidewash veloci-
tlies due to the components of the crossflow normal and parallel to the
wing panel. As a result, the 1lift effectiveness of the panel increases
with positive roll &ngles and decreases with negatlve angles. Second,
the two vortices due to the forebddy crossflow separation tend to reduce
the panel normal force at large angles of pitch. This reduction is

angles where the panel is close to one of the vortices.
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A comparison 1ls presented In flgure 5 of some representative
experimental panel results from figure L4 with the results computed by
the present theoretical method. On the left-hand side of the figure are
shown the variations of normal. force, pitching moment, and roliing moment
of the wing panel with angle of pitch for zero angle of roll, and on the
right are shown the variations of these quantities with roll angle at a
pitch angle of 20°. Three theoretical curves are shown to illustrate the
contribution of the aerodynemic effects involved: first, the low angle
theory, given by the first terms in equations (%), (5), and (6); second, the
theory including the cross-coupling effects, glven by both terms in these
equations; and third, the theory including both the cross coupling and
vortex effects. It can be seen from these comparisons that a reasonably
close approximation to the experimental wing-panel results is obtained
through the use of the present method if these two effects are included.
The remaining differences between the calculated and experimental results
ere an indication of the influence of the addltional effects neglected
In the method. These effects lnclude differences in dynamic pressure
between the windward and leeward wing panels, higher order angle-of-attack
and -sideslip effects, and the influence of the wing panel on the forebody-
vortex paths. It has been estimated, however, that for the angles and
configuration of the present investigation these effects are small in
comparison with those considered in the calculsastive method. The results
of figure 5 also indicate that the vortex effects are small or negligible
at low angles of pitch or at large positive angles of roll. This result,
of course, stems from the fact that at small angles of pitch the body
vortices are weak, and &t positive angles of roll the wing panel is a
large distance gway from the body vortices. This latter effect can be
seen more clearly by referring to figure 6. In this figure, the contri-
bution of both vortices and their images are shown for the same conditions
as those of figure 5(b). It is noted that the net normal force, pitching
moment, and rolling moment contributed by the vortices approach O as the
angle of roll increases to 90° because the effects of the vortices on the
right side of the body are equal and opposite to those on the left side.
The panel experiences an additional positive normsl force from vortices 1
and 3 because the panel is operating in an upwash field from these two
vortices, vhereas the panel incurs a negative normal-force contribution
from vortices 2 and I because it is operating in a downwash field from
these vortices. As the panel is rotated through a negative angle of roll
to the upper side of the body, increasing net forces and moments are
induced on the panel by the vortex system. It can be seen that these net
forces and moments originate primerily from vortex 1. The predomlnance
of vortex 1 is caused by the fact that the wing panel passes through this
vortex, and thus incurs the greatest change in loading. The point of
coincidence between this vortex and the wing panel is indicated by the
roll angle of approximately -T70°, where the forces and moments due to the
vortices are a maximum.

Forebody length.- The effects of forebody length on the forces snd
moments of the wing panel are shown In figure T for two angles of pltch,
10° and 25°, It is observed from these results that the principal effect
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of reducing the forebody length is to change the panel. characteristics ab
negative angles of roll. This reduction is assoclated with a reduction

in the forebody vortex strength; that is, with the short forebody, there

is less reductlion in the normal force, pltching moment, and rolling moment
at angles of roll near -70°. The center of pressure, calculeted from these
results, moves rearward and outboard with increaslng negative angles of
roll. This movement increases with angle of pitch and with nose length.
This center-of-pressure change,which is assoclated with vortex 1, is caused
by the increased load on the panel tip and the decreased load near the root
associated with the dowmwash distribution from thls vortex; hence, an out-
board shift in the center of pressure occurs and for a sweptback plan form
this outboard shift i1s accompanled by a rearward shift. These effects of
forebody length can be predicted satisfactorily from the known initial
vortex positions through the use of the theoretical method described
Ppreviously.

Reynolds number and body roughness.- Typical results are shown in
figure 8 for two different Reynolds numbers at two angles of piltch, and
for the forebody smooth and with roughness added. The purpose of these
changes was to investigate the influence of changes in Reynolds number

of their effects on the panel forces and moments. It can be seen from
these results that neither change had any effect on the forces or moments
acting on the panel under these conditions.

Wing-panel-panel interference.- The effects of the presence of
adjacent surfaces on the forces or moments acting on panel Wy are pre-
sented in figure 9. The results for the long forebody are shown in fig-
ure 9(a) and those for the short forebody in figure 9(b). It can be seen
that, in general, the panel-penel interference is small or negligible at
an angle of pitch of 10° in both cases. However, at an angle of 25° the
normal. force and rolling moment of the wing panel are influenced by panel-
panel interference: It can be observed that the addition of panel 3 or 4
has no influence on the loads on panel 1. However, when panel 2 is added
an increase in the hormal force and rolling moment occurs at positive
angles of roll, snd a decrease in these characteristics occurs at negative
angles. It can be shown from theoretical considerstions that panel-~panel
interference is assoclated partly with the cross coupling of the sidewash
veloclties in potentlal flow and partly wlth interference effects of the
forebody vortex flow. ' ' o

Panel Combinations

The characteristics of individual panels just considered can be used
to study the cheracteristics of panel combinastions of practical interest,
such as wings and teils of complete configurations, through the use of
equations (7}, (8), and (9). In the following discussion, the contribution
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of planar and cruciform wings to the forces and moments on wing-body
combinations will first be examined. This will be followed by a consid-
eration of the contribution of various btall-plane arrangements to the
characteristics of body-tail combinations.

Wing-body combinations.- The variations with roll angle of the
contributions of the wing to the normal force, pitching moment, and
rolling moment of two cruciform wing-body configurstions having differ-
ent forebody lengths as obtained both from experiment and from the present
theoretical method are presented in figure 10. The corresponding results
for the plenar wing-body comblnations are given in figure 11. Note that
these results are referred to the wind-tunnel axis system (see fig. 1(a))
rather than to the body-axis system. It can be observed from figure 10 .
that the variations in the normal force and pitching moment with roll
angle are small even at an angle of piteh of 20°, and the rolling moments
are low at all comblnations of pitch and roll. It also can be noted that
the effect of forebody length is smsll. A comparison of the theoretical
curves wlith experiment indicates that the present method is adequate for
estimating the forces and moments contributed by the wings of a cruciform-
wving and body combination. TFigure 11 shows that, in contrast to the
results for the cruciform wing, the planar wing encounters large changes
in the forces and moments with chenges In roll angle. Large reductions
in the normal force occur, and the rolling momenits are high. It is note-
worthy that at roll angles between -45° and 45° the rolling moments are
of the opposite sign from those for the cruciform combination., This is
caused by the fact that at'a positive roll angle the positive rolling
moment contributed by the vertical wing of the cruciform combination is
greater than the negative rolling moment contributed by the horizontal
wing. A comparison of the theoretical curves with the experimental
results of figure 11 shows that the theoretical method gives an adequate
prediction of the normal forces and pitching moments of the planar wing
but overestimates the rolling moments. The close agreement for the nor-
mal forces and pitching moments stems from the fact that these quantities
are proportional to the sum of the normal forces and piltching moments
between the left and right wing panels. Thus, the small differences
between theory and experiment for the individvwal panels, as shown in fig-
ure 5, are reflected in small differences for the total normal forces and
pitching moments in figure 1i. The net rolling moments of figure 11, how-
ever, represent the dlfferences between the rolling moments on the right
panel snd those on the left. Therefore, small differences between theory
and experiment for the panel rolling moments (fig. 5) lead to large differ-
ences for the net rolling moment of a planar-wing configuration. Thus, it
appears that the present theoretical method 1s capable of predicting only
the trend but not the magnitude of the rolling moments contributed by a
Pplanar wing. :

In figure 12 are presented the experimental contributions of the wing
panels to the forces and moments on the two planar-wing-body combinations
at combined angles of attack and sideslip. The normel-force, pitching-
moment, and rolling-moment coefficients are plotted as functions of side-
slip angle for several angles of attack for the two panels acting separately
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end together. It can be seen that both the normal force and rolling moment
of panel 1 increase with angle of sideslip for a given angle of attack.
This 1s caused primerily by the sidewash cross-coupling effect discussed
previously, which for this panel increases the panel load (see eq. (AT)).
In contrast, the normal force and rolling moment of panel 3 decreases with
sldeslip angle because of the negative contribution of the cross-coupling
effect (see eq. (A8)) and because of the force-reducing effect of the
vortex system since .panel 3 is close to the left body vortex at large
angles of sideslip and small or moderate angles of attack, It is also
noted that the pitching moment of panel 1 is relatively independent of
sideslip engle and angle of attack whereas the pitching moment of panel 3
becones more negative with angle of sldeslip. This pitching-moment change
1s alsc due to the vortex effect as previcusly dlscussed. It is seen that
the forebody length has little effect on the characteristics of panel 1
but lncreases the change in the normal force and moments of panel 3 with
angle of sideslip. This effect follows from the previously discussed
dependence of the strength of the forebody vortices on the forebody length.
The total forces contributed by panels 1 and 3, acting together, are indi-
cated by the right-hand curves of figure 12. It can be seen that the nor-
.mal force decreases with angle of sideslip for a glven angle of attack,
the pltching moments become more negative, and sizable rolling moments

are present. All of these effects are aggravated by an increase in the
nose length, as would be -expected. '

Tall-body combinations.- In order to compare the contribution of
various tail-plane arrangements to the stablility of tail-body combinetions
at combined angles of attack and sideslip, the results of figure k4 are
presented in figure 13 in terms of the normal-force, side-force, and
rolling-moment coefficlents contributed by six different panel combina-
tlons e&s indlceted by the sketches. The normal-force and side-force
results are indicative of the pitching-moment and yawing-moment contri-
butions, respectively, of these tail arrangements.

Consider first the tail-plane arrangements of figures 13(a) to 13(ec).
It can be seen that for all of these tail combinations the normal-force
characteristics are similar. That is, a maximum loss in normal force (or
longltudinal stability) due to sideslip occurs at small and moderate angles
of attack. It will be recalled from an earlier discussion that this loss
is associated primarily with a reduction in the load on the left horizontal
panel due to the forebody vortices at large angles of sideslip and small
engles of attack.

The side force. shows & large loss with angle of attack for the
conventional arrangement. In fact, it can be seen that at an angle of
attack of sbout 22° and sideslip of 100 this taill arrangement contributes
no side force. Since the side force on a tall surface largely determines
the yawing moment contributed by the tall to a complete configuration, it
is apparent that the famillasr decay in directional stebility of current
alrplanes at high angles of attack ls due to this characteristiec, In .,
contrast, it can be seen from figure 13(b) that for a configuration having
a ventral fin in place of the upper vertical fin, an increase in the slde
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force, and thus in the yawlng moment contributed by the tall plane, occurs
as the angle of attack is increased. This difference, of course, arlses
from the combined effects of differences in the cross-coupling effects due
to combined angles of attack and sideslip of these two panels and of the
influence of the forebody vortices, as previously discussed. An examina-
tion of the side-force characteristics of the cruciform configuration,
figure 13(c), shows that the side force is nearly independent of angle of
attack, as would be expected from the compensating effects of the upper
and lower vertical surfaces.

The rolling-moment results show that the conventional arrangement
demonstrates a positive dihedral effect (negative CIB) and that the

rolling moment increases with angle of attack at 20° sngle of sideslip.
The configuration with the ventral £in, on the other hand, shows a nega-
tive dihedral effect which decreases with angle of attack. It 1s noted
that the rolling moments for the + configuration are smell throughout
the angle-of-attack and -sideslip ranges. However, a sign reversal in
the rolling moment cccurs at a sideslip angle of 10°.

Now consider the configurations shown in Ffigures 13(d) to 13(f).
It can be noted that both the V +tall and the inverted V +tall exhibit
e shift in the normal-force curves with angle of sideslip but in opposite
directiona. This effect would lead to undesirasble longltudinsl-trim
changes due to sideslip. In addltion, the V +tall exhibits a serious
loss in effectiveness at angles of attack asbove about 12°, as indicated
by the reduction in the normel-force-curve slope. It is seen that the
X sarrangement, however, exhibits reasonably goocd longitudinel-stebility
characteristics; that is, the change in normal force with angle of side-
slip is relatively small and regular. The side~-force, or directional
stability, characteristics of all three configurations are seen to be
desirable; that is, the side force is essentially independent of angle of
attack. The rolling-moment results show that the rolling moment at zero
angle of attack for hoth the V and inverted V +talls is considerably
larger than for their counterparts of figures 13(a) and 13(b), but that
in both cases, these rolling moments diminish with angle of attack. The
rolling-moment curves of the X configuration of figure 13(f) are similar
to but of opposite sign from those of the cruciform tail of figure 13(c).

From a comparison of the curves shown in figure 13, it is clear that
only three of these tall-plane arrangements can be expected to contribute
desirable stabllity characteristics: a horizontal tall in combination
with a ventral fin, & + tail, or an X +tail. This follows from the
fact that the longltudinael stabllity contributed by each of these talls
would be nearly independent of sideslip angle and the directional stability
would remain nearly constant or increase with angle of attack. It should
be noted that each of these tall-plane arrangements derives its favorable
stability characteristics from one or two panels extending below the body.
In a practical design, however, the size of such panels.might be restricted
by ground-clearance considerations, and the adverse dihedral effect of these
configurations must be considered.
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CONCLUSIONS

Wind-tunnel tests were conducted at a Mach number of 1.96 over a wide

range of combined angles of pitch and roll to investigate the normal forces, -

pitching moments, and rolling moments acting on each wing panel of & wing-
body combinstion having an aspect-ratio-2 triangular cruciform wing. Omn
the baslis of the results of these tests and of a concurrent theoretical
study, the following concluslions have been drswn:

1., Large changes in the panel forces and moments cen cccur as the
regult of combined angles. These changes are caused primarily by a cross
coupling between the sidewash veloclities due to angle of attack and side~
slip and by the presence of crossflow separation vortices from the fore-
body. An lncrease in the forebody length increases the effect of the body
vortices on the panel forces and moments. The forces and moments on each
wing panel of a cruciform-wing and body combination are influenced to an
appreciable degree by only one of the other panels, namely, the adjacent
surface on the windward slde of the body. A satisfactory prediction of
the wing-penel characteristics at comblned angles can be achieved through
the use of a calculetive method based on slender-body and strip theorles.
This method requires only a knowledge of the wing-alone characteristics
and the initial positions of the forebody vortices.

2. The normal force and pitching moment contrlbuted by the wing of
a cruciform-wing and body combination at any angle of pitch are essen-~
tially independent of roll angle, and the rolling moments are small., The
normal force and plitching moment contributed by the wing of a planar-wing
and body combination at an angle of atback diminish with sideslip angle,
and large rolling moments occur.

3. The directional stebility contributed by a conventional arrange-
ment of tall surfaces on a body decreases sériously with angle of attack,
egpecially at small sideslip angles. Howevér, the opposite trend occurs
when the vertical fin is replaced by a ventral (lower vertical) fin.

A V and en inverted V +tall arrangement give a directlonal-stability
contribution which is nearly independent of angle of attack, but these
tails may produce undesirable longitudinal trim changes and large rolling
moments due to sideslip. A + and an X tall exhiblt longitudinal- and
directional-stabllity characteristics vhich are desirably independent of
angle of sideslip and angle of attack; however, the rolling moments,
although relatively small in megnitude, show a reversal with increasing
angles of attack.

Ames Aeronautical Laboratory
National Advisory Commlttee for Aeronautics
Moffett Field, Calif., Bept. 12, 1957
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APPENDIX A

FORCES AND MOMENTS ON WING PANEIS OF WING-

BODY COMBINATIONS IN POTENTIAL FLOW

Expressions have been derived by means of slender-body theory in

19

Appendix A of reference 3 for the differential pressures acting on wing-
body combinations at combined angles of attack o and sideslip 8.
pressure dlfference across the horizontal and vertlcal wing panels of a
cruciform combination having four identical wing panels in combination

with a circular cylinder is glven by

O

4 4 7z *
[CR=1CS)

w8 (- 35
.3';)2 i Z_:.G_ . :4:)2]1/2

q

combination is given by

_4< . at

(Ap) _ B s%
= 4 2

(-5)-5(0

and the pressure difference across the horizontel panels of a planar

The

(a1)

(a2)

(43)

(Ak)
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o(-9)E  wi-Ze-9E
N e e
OO - S L

m

R EI

The normal force and moments acting on each wing panel are determined from
integrations involving these equations over the psnel plan-form area. The
resulting normal force, pitching moment, and rolling moment on the hori-
zontal panels of elther a cruciform or a plsnar wing-body combination mey
be expressed by

O = O (5o (8 + oz %) #7)
oy = e[ + e (B2 )
S Y

C2, = Oy w(B—o)[ “Cr o té;e (%f);ﬁ:l (A11)

<
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K
= cp -9 cp
Cyy = cNm,w (B=o)[K"<S; a,d' e~ sm>cpm8:| (A12)

and for the vertical panels, the expressions for the side force, yawing
moments, and rolling moment by

O, = %y o) oz ) (#13)
o, = e[ - e (F q;‘ﬁ: (815)
R L -W—C-i—i?-'%w )
O, = Ot o[ * T @'ﬂ;‘ﬁ] (#18)

The factors Ky, Kg, (yép/sm)m’ and (yép/sm)¢ depend only on the quantity
a/sy and are independent of the plan-form shape bub (ch/a)a and.(X'CP/c':)cp
depend on both a/sm and the plan-form shape. The factor Ky is given by
the ratio of the normal force on the panel in the pressure of the body at
zero sildeslip to the corresponding force on the panel alone. The normal
force in the presence of the body et zero sideslip is obtaeined from an
integration of the first term of the loading equations (Al) to (A6) over
the panel, end the force on the panel alone is obtained from an integration
of this term with the body radius a sebt equal to zero. The longitudinal
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and lateral center-of-pressure factors (x,./¢.) &nd (¥oo/5m), B&re glven
cp/ “r/g, cp/ /g,

by the ratio of the pitching and rolling moments, respectively, of the
panel in the presence of the body at zero sideslip to the corresponding
normal force. These moments are obtained from an integration of the
product of the loading (glven by the first term of egs. (Al) to (A6)) and

a2 2, 2n\%
a2 Em 8 ila]-
(S: > 2<a+sm4>“ 5m+3 B "‘[ 25,2 ) @ )
2 ' 2 1 -2
C-2 {0 252l =

(8 s b R

oG ED) @) e

Although equetions (A1l9) and (A20) have been derived previously in refer-
ences 5 and 1, respectively, these equations are presented here for com-
pleteness. - Eqpations (A19) to (A21) are appliceble to elther cruclform
or plenar configurations having wing penels with the same span. Equa-
tions (Al9) end (A21) are applicable to any slender plan form having an



NACA TN 4ih6 23

unswept trailing edge, but equation (A20) is restricted to a trisngular
plan form. Figure 3(a) shows the variation of these quantities with

a./ 8p. The factor ch is proportionel to the ratio of the normal force
on the parel in. the presence of the body due to combined angles of atitack
and sideslip to the normal force on the panel alone at zero sideslip and
at the same sngle of atbtack. The first quantity is obtained from an inte-
gration of the second term of equations (Al) to (A6) over the panel, and
the latter quantity from an integration of the first term with the body
radius a set equal to zero. The center-of-pressure factors (ch/cr)

and (:ch/B )

(xep/cr)q and (ycp/sm)c(, previously deseribed, with the exception that

the second term in equations (Al) to (A6) is used in place of the first
term.

are obtalned in exactly the same manner as the Ffactors

Because of the effects of panel-panel Interference at combined
angles, 1t i1s necessary to distinguish between cruciform and planar con-
figurations since the loading expressions are different. Thus, for a
cruciform configuration

Sn
a® L
3

1
o [ s
n<—3-1> 1

a

311L/2
[(62;1) :l [F(wl’kl)'['F(ﬂfg’kg)]ds (A22)

Do)

25%.-52 m_Ye2 - a
(=2)- [ G -2 w. 5
? e —-)an i -1 -
(A23)
8,2
I 2 aqL/2 .
<3'cp> 1 . f a2 [(5—51)] [F (¥, i, )+ F(ip,k,) 15 (a2k)
(m _ l) Kp 2 2%
and for a planar configurstion
B2 i/2
= = -3
aa (5-1)(5 -1) = o (325)

2
;<__ &= Bm- 1
T a2 b
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82 o 1/2
m Su g .si.
—P- = —i— az ga l!ga - l! - B-E 32 - m
C:r)(p AN f g5/2 F(Va,k3) ~E(Va,ka) +-3 _—Bm2 as — %
—_—- ch 1 fm_ 8-1 =
(426)
2 ) - [s.2 1/2
Yep S— F 8-1)(8%-1) af 2=°
<) - - f & e e B ) e (A27)
P Sm (Bm _ sm= _1
ey <fa %)qu’ 1 a2 ©
where
5 = Zi
a2
=cog™t ——

5-1
[2(52+l)]1/2

k, =

¥y = cos~1 8-1
Sm a
(fa Sm Jo

- 3+1
[2(82+1) 172
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2 i/2

1[r3 = sin

The integrations indicated in equations (A22) to (A27) have been performed
numerically, and the resulting variations in Kq), (xcp/cr) P and

[(3,"cp-za.)/(e.m—a.)]qJ with &a/sy are presented in figure 3(b) for both cruciform

and planar configurations. The same plan-form restrictions apply to these
quantities as for Ky, (xcp/cr)a,’ and. (ch/sm)a, discussed previously.
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APPENDIX B

EFFECT OF BODY VORTICES ON WING-PANEL
FORCES AND MOMENTS
The normsl force, pitching moment, and rolling moment on the right

wing panel due to a vortex of known strength and position can be computed
from strip theory by

Cy (BL)

]
&
mlmm

o
<=
/p‘\
&3

OO =)

The factor CNor.w represents the normal-force-curve slope of a two-

dimensional wing having a sweepback of A=~B. The spanwise distribution
of upwash induced by an incompressible inviscid two-dimensionel vortex 1s
given by :

Q
o~
]
&
=
£
ml%
\.’

r Y=Yy
-\ 2
2nv ZV2 + (Y"yv)

(BL)

LA
=

The spanwlse variation of the chord of a general plan form having straight
edges can be expressed by :

Y1)

=A-BL (35)
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where
C,
A=
a
c
B = — (1-A)
S5m

and the longltudinal center-of-pressure location of each strip of constant
loading by

X
—:E=C+D

ol

(B6)

where

C ‘o tan
=% A

co
-2 (1
D =tan A 55 (1-7)

If equations (BL), (B5), end (B6) are substituted into (Bl), (B2), and (B3),
and. the integrations are performed, ) )

$

2
- e I |pBm_1),L(ap)ep
CN_CN%S&:V&[ a >+2@B&£J‘B?f2] ‘ (1)

ooy 82 T J1p/en® Yv)(5n
Cm = CN% 5 5ovm {2 BD(aa >+<AD+BC+BD-a— —-1)-

2 .-_' ¥ .-
o2 Yy Ty V) A
2 [313(&_2-—&? - (AD+BC) ?-AC:Ifl- (AD+BC+23D — )= f.r (88)
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C1 = O, se;sm 2aVa l: (aa ) ) <A+B Yv>< >+
z ( :l;‘-’- B y_ )fl <A+2B y“') ¥ ¢ ] (89)

where
2
2" + (8 - ¥y)
fl=2n =
zv® + (2 - yy)
. B =Y 1 &=
f2=‘ba.nl———m v—tanl———v

Zvr Zy
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TABLE I.- GEOMETRIC CHARACTERISTICS OF MODEL

Body )
Maximum diameter, Inm. . « ¢ ¢« v o o o ¢ 0 o o 0 0 0 s e e e 1.50
Length, in.
With 1ong FOrebodY v « « v ¢ o ¢ o ¢ o s o o o o o« o o o « 15.56
With short FOTrebBOAY .« « o o o « o o o o o« o o o o « & « » 11,06
Fineness ratio
With long forebody « « « « « s « ¢ o « « o o o o o o o o & 10.4
With short fOTebOAY « « o o « o o o o o 2 o o s o o o o o 7.4
BExposed wing panels

Plan-form area (per pair), 8@ in. . « ¢ o ¢ ¢ o ¢ o« o o o 8.00
Chord at body Juncture . « « o « « ¢ v o ¢ 2 o o o o o o o & k.00
Mean aerodynamic chord, iB. .+ « o & « o « o o o o & o o o . 2.67
Span, AN, .« « ¢« ¢ ¢ ¢ 6 6 e e 6 c o s 8 e s e s e e 4 e . 2.00
Aspect ratio (pPer DAIT) & ¢« ¢ v o 4 ¢ b b e e e e . . 2
Mexdmum thickneSs .« ¢ v « ¢ o ¢ o o ¢ s o o o o o . e o o 0.05¢c
Position of maximum thickness . . . e s s s s e e e e o » 0.50¢c
Trailing-edge thickness . . . o ¢« ¢ o ¢ ¢ » o ¢« o« ¢ ¢« « o« o« 0.025¢

TABLE II.- EXPERIMENTAL NORMAL-FORCE CHARACTERISTICS OF WING ALONE; B=O,
R = 1.03x10%, M = 1.97

cf'é’g Ciyr
o |0 .
3 .086
6 .192
10 .333
15 492 - -o-
20 .64l
25 .808
30 .982
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Relative wind

(a) Wind-tunnel axis system.

Positive sense
indicated by arrows

(b) Body axis system.

Figure 1l.- Coordinate axis systems.
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(a) Model geometry.

(b) View of model in wind tunnel.

Figure 2.- Model.
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(a) Effects of angle of attack or sideslip.

Flgure 3.- Theoretical center-of-pressure and normel-force parameters
for wing panels of wing-body combinstions.
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Figure 3.~ Concluded.
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(b) Effects of combined sngles of attack and sideslip.
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Figure k.- Aerodynamic characteristics of wing panel W13 R = 1.03x108.
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Figure k.- Continued.
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Figure 12.~ Contributicn of wing panels to aerodynamic charscteristics of planar wing-body
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combinations at combined angles of attack and sldeslip.
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(a) Conventlonal.

(b) Ventrel fin,

(¢) + arrangement.

Figure 13.- Contribution of varioue tall-plane arrsngements to longitudinal and lateral etebility
at combined angles of attack and sldeslip; long forebody.
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(d) V arrangement.
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(e). Inverted V arrangement.
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(£f) X arrangement.
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